Abstract. Earth Observation Satellite (EOS) data have a great potential for land cover mapping, which is mostly based on high resolution images. However, in tropical areas the use of these images is seriously limited due to the presence of clouds. This paper evaluates the ability of temporal-based image classification methods to produce land cover maps in tropical regions. A new approach is proposed for land cover classification and updating based exclusively on temporal series data, illustrated with a practical test using SPOT VEGETATION satellite images from 1999 to 2011 for Rondonia (Amazon), Brazil. Using the GLC2000 as reference, a Normalized Difference Vegetation Index (NDVI) time series of 15 distinct land cover classes (LCC) were created. Two classifiers were used (Euclidean Distance and Dynamic Time Warping) to produce maps of land cover changes for 1999Á2011. Due to the difficulties in discriminating 15 LCC in the Amazon region, a hierarchical aggregation was performed by joining the initial classes gradually up to four broad classes. The land cover changes in the 1999Á2011 period were evaluated using criteria based on the classification results for the individual years. The comparison with reference data showed consistent results, proving that this approach is able to produce accurate land cover maps using exclusively temporal series EOS data.
Introduction
The global environmental change research community requires improved and up to date land cover maps at regional to global scales to support a variety of science and policy applications. This is particularly true in the Brazilian Amazon where land cover change induced either by human and natural causes has been unprecedented in recent decades (Alves et al., 2009; Asner et al., 2009; Ballester et al., 2003; Braswell et al., 2003; Brown et al., 2007; Houghton et al., 2000; Li et al., 2012) .
While the need for frequent monitoring of land cover changes is clear, it is difficult to produce these maps using only ground-based information (Loveland et al., 2000) . The automatic classification of Earth Observation Satellite (EOS) data is thus frequently used for land cover mapping, mostly based on high resolution image data (e.g., from Landsat satellites). The ability to apply automatic classification methods to produce land cover change maps and information, with the range, quality, and detail needed by scientists and resource management, is a huge challenge. This is emphasized in tropical areas where the presence of cloud cover seriously limits the use of passive EOS data (Carreiras et al., 2003) . In the case of the Amazon, cloud cover is frequent particularly in the rainy season. To eliminate this limitation, the use of low spatial resolution EOS data that have a very high acquisition frequency (daily) such as AVHRR (Loveland et al., 2000) , SPOT VEGETA-TION (Carreiras et al., 2003) , and MODIS (Wardlow and Egbert, 2008) can be an alternative. However, to better use these data sources, the classification needs to be slightly different than the standard approach. Instead of using a single image, where the multispectral values are used as features for each pixel, the temporal yearly Normalized Difference Vegetation Index (NDVI) profile is used as a feature vector instead.
The aim of this work was to propose a new approach for land cover classification and updates based exclusively on temporal series of NDVI, illustrated with a practical case using SPOT VEGETATION (VGT) satellite data from 1999 to 2011 for Rondonia (Amazon), Brazil. The Global Land Cover Map of the Year 2000 (GLC2000) of South America was used to select 15 distinct land cover classes (LCC) in the SPOT VGT images. Temporal yearly NDVI profiles were extracted for each LCC and a pixel-by-pixel classification was made using the Euclidean Distance (ED) and Dynamic Time Warping (DTW) as classifiers. Two approaches were considered: one that uses the NDVI time series of the reference year (2000) to classify all years; and another that considers the NDVI time series obtained from the year under analysis.
Because of the difficulty in classifying 15 vegetated classes over the Amazon, the 15 initial LCC were aggregated in four main groups based on their NDVI profile similarity. The ED and DTW measures were used to compute a hierarchical aggregation of the initial classes using the method proposed in Rodrigues et al. (2013) . The effect of the NDVI time series similarity on the classification results was evaluated by performing a new classification using the four new groups of classes and comparing the results with the land cover maps obtained for the 15 initial classes.
The LCC variability over the years was analyzed by classifying each pixel as ''permanent'', ''stable'', ''change'', ''stable in the first years'', ''stable in the last years'', and ''unspecified'' using a criteria based on the number of identical classes obtained from 1999 to 2011. To evaluate the ED and DTW land cover maps between 2000 and 2011 a comparison was made with the PRODES data (PRODES, 2013) available for 2000 and 2011.
Materials and methods

Study area
A test area was established in northwest Brazil, containing the entire state of Rondonia. The transformation of the tropical forests to pastures and crops in western Amazonia, particularly at the Rondonia state, was rapidly developed under a series of government projects for resettling small farmers from southern Brazil (Ballester et al., 2003) . These projects resulted in high deforestation rates, which have been well documented since the early 1980s until today through the use of satellite imagery (Alves et al., 1999; INPE, 2000) . In this region, deforestation evolution leads to a typical spatial fishbone pattern associated with the colonization process and road development (Dale et al., 1994; Moran, 1993; Pedlowski et al., 1997; Ballester et al., 2003) . Large areas of previously untouched rainforest have undergone rapid change since the 1970s due to extensive immigration and colonization. In just 40 years (1970Á2010), the population grew from 116 thousand to 1.5 million inhabitants, and the state lost over 34% of its native forest cover (INPE, 2000) . Spatially, the deforestation process is more intense along the highway BR364, between Cuiba and Porto Velho, that was constructed in 1965, improved in 1969 (Fujisaka et al., 1996) , and finally paved in 1984. The main land use in the region is cattle pasture, rising from 67% of the state cultivated area in 1985 to 91% in 2006, when perennial and annual crops only accounted for 5% of agricultural areas of Rondonia, respectively (IBGE, 2013) .
The GLC2000 dataset (Eva et al., 2004 ) was used to establish training sites, characterizing the most relevant land cover classes in this region. Although the GLC2000 map has problems picking up classes over vegetated land surfaces (Eva et al., 2006; Gonsamo and Chen, 2011) , it was the only complete land cover map available. The GLC2000 classes were compared with ground reference information acquired for the year 2000. The field data were obtained by recording each point location using a Garmin 76-Map GPS. Each control point was photographed, and land cover at the eight cardinal points was recorded. Figure 1 presents the GLC2000 land map for the central region of Rondonia (left) and the location of the 133 field data points (right). Table 1 presents a comparison between the field and GLC2000 data. The main differences occurred in the urban and water classes, with good agreement for the other classes evaluated. For example, in the GLC2000 the rip and (or) regrowth field classes were assigned to the Agriculture Intensive, Mosaic Agriculture, and (or) Degraded Forest classes, which are crops also characterized by a regrowth around the months of July and August. The results in Table  1 show a coherent correspondence between the two datasets for the majority of the pixels (approximately 88%).
The GLC2000 was thus considered as the reference land cover map. For each of the 15 LCC used, a training site was selected carefully to avoid pixel boundaries with other classes. The size of the training sites was, on average, 37 pixels, ranging from 15 to 252 pixels. Table 2 presents the description, number of pixels, and coefficient of variation (Reed et al., 2002) for the NDVI profiles of the pixels assigned to each class. A total of 10 LCC present a coefficient of variation below 10%, with an overall mean of 11.0% for the 15 classes.
Most sites were identified in the central region of Rondonia, where in the last three decades there has been considerable change in land use and (or) land cover, mostly due to deforestation for crop and grassland production (Eva et al., 2002) . There are also some areas of transition between forest and regeneration, which were deforested and later abandoned, thus starting a natural regeneration process. The classes were chosen to include native vegetation, regeneration areas, intensive agriculture, flooded vegetation, and urban areas.
The Brazilian Amazon, in particular the state of Rondonia, has only two well-defined seasons: dry and rainy. The start of the dry season may vary from year to year, but it always includes the months of July and August. There is no significant variation of the air temperature throughout the year. Thus the main climatic influence for vegetation development is the annual hydric regime. The average monthly precipitation in the state capital, Porto Velho, for the year 2000 is presented in Figure 2 . This plot clearly shows the presence of a dry season, with one month (June) almost without rain. This pluviometric pattern has a great influence in the vegetation development of grassland and shrubland and consequently on the annual pattern of NDVI values.
Satellite imagery and data preprocessing
The VGT sensor onboard the SPOT4 satellite has provided daily coverage of the entire Earth since 1998, at a spatial resolution of 1 km (VITO, 2012) . It acquires data, which are delivered as primary products or daily (S1) and ten-days (S10) syntheses, in four spectral bands (blue, red, near-infrared and short-wave infrared), ranging from 0.43 to 1.75 mm (VITO, 2012). The NDVI is computed from the extracted pixel values as
where r NIR is the reflectance at the near-infrared wavelength band and r RED is the reflectance at the red waveband (Rouse et al., 1973) . The widths of the reference bands of the VGT sensor are 0.61Á0.68 mm (RED) and 0.78Á0.89 mm (NIR). Ten-day NDVI synthesis images (NDVI S10) are available from VGT globally and are divided into 10 regions, one of them being South America. These synthesis images are Maximum Value Composites (MVCs) of daily NDVI images, intended to reduce the noise caused by a variety of biophysical factors. For each year, a total of 36 VGT NDVI S10 images are available (three for each month).
The entire training area for each of the 15 LCC was considered as a unit instead of using a pixel-by-pixel approach. The median of the NDVI S10 values of the pixels assigned for each class were computed. The yearly NDVI time series were created using the median values obtained for each of the 36 images available in one year.
Image classification procedure
The land cover classification of a pixel makes use of its NDVI annual profile (time series). The pixel-by-pixel classification process applied in this work compares the annual NDVI pixel profile with each of the 15 reference time series (15 NDVI class profiles). The class label of the most Table 2 . similar reference profile is retained for the pixel under analysis. To compare the NDVI time series, the ED (Agrawal et al., 1993) and DTW (Berndt and Clifford, 1994; Chu et al., 2002 ) similarity measures were used. These measures were selected as they are the commonly used algorithms for similarity analysis of time series (Agrawal et al., 1995; Das et al., 1998; Debregeas and Hebrail, 1998; Faloutsos et al., 1994; Keogh et al., 2001) . Furthermore, these distance measures have important differences when comparing time series data. The ED is a time-rigid measure and does not consider any distortions or shifts over time, whereas the DTW is a time-flexible measure capable to consider the shifts and distortions over time, which can have an important role in vegetation dynamics. To test the impacts of temporal distortions, the DTW was applied using a window restriction of 20 days (Berndt and Clifford, 1994) in the time axis (shift).
The 15 reference LCC selected in 2000 were also selected for the remaining years (1999 and 2001Á2011) . For each year, two classified images were computed using the ED and DTW as classifiers. To evaluate the influence of temporal land cover variability, two approaches were considered: one that establishes the reference NDVI time series of each year to process the classification, and another that uses the NDVI profiles identified on the reference year (2000) to classify every year. The effect of the NDVI time series similarity on the classification results was evaluated, reducing the number of initial LCC and analyzing the land cover variability for each pixel over the years 1999Á2011. A hierarchical aggregation of the initial classes was performed using the ED and DTW distance measures, following the method proposed in Rodrigues et al. (2013) , and a new classification was made using the new groups of classes. To analyze the LCC variability over years, each pixel was classified as permanent, stable, change, stable in the first years, stable in the last years, and unspecified using the criteria presented in Table 3 . These criteria are based on the number of identical classes obtained from 1999 to 2011. Figure 3 presents a schematic illustration of the criteria used, where each color represents a distinct LCC.
To evaluate the consistency of the ED and DTW land cover maps for 2000 and 2011 a comparison was made with the PRODES data available for 2000 and 2011. PRODES (Amazon Deforestation Monitoring Project) consists of a systematic monitoring of deforestation in Amazon, using remote sensing images and digital image processing techniques (PRODES, 2013) . ED and DTW maps were reclassified in three main classes: forest, nonforest, and hydrography. The percentage of pixels classified in each class was determined and the consistency of the results was evaluated using the PRODES data as reference.
Results and discussion
NDVI S10 images from SPOT VGT from 1999 to 2011 were processed for Rondonia. As precipitation has considerable influence on the vegetation development, the most relevant period for this region is from April to September. Furthermore, the presence of clouds limits the use of satellite data in the rainy season. Maximum Value Composite images of January and AprilÁSeptember using NDVI VGT data from 2000 are presented in Figure 4 . Due to the frequent cloud cover, the NDVI values from January might not be clearly related to the vegetation type and condition. In the remaining images, it was noticeable that the central areas of Rondonia have lower NDVI values. This is because this part of the state has low height herbaceous or semiherbaceous vegetation, as the soil is mostly used for agriculture and pasture. Moreover, Rondonia is a remarkable example of land cover change in the past decades as a result of deforestation induced by human and natural causes. The converted forest cover in a fishbone pattern, mainly due to forestation caused by agricultural and urban expansion as reported by Eva et al. (2002) , is noticeable in Figure 4 . The least influence of clouds occurred between June and August. During this period a large increase in NDVI occurred, especially in forests. The better transparency of the atmosphere at this time of the year promotes a net balance of radiation greater than the other parts of the year (Da Rocha et al., 2004; Malhi et al., 2002) . This high availability of energy and the ability of forestry trees to capture water from deep soil explain the trend of the NDVI increase in forest areas between June and August.
The original (dotted line) and SavitzkyÁGolay (Press et al., 2007) smoothed (solid line) NDVI time series training profiles of the 15 LCC, for the year 2000, are presented in Figure 5 . Each LCC multitemporal NDVI signature is consistent with its expected pattern of vegetation dynamics and most of them are spectrally separable at some point during the growing season. The NDVI profiles consistently showed a major influence of the presence of clouds, especially from November to February. Land cover classes representing shorter vegetation types were the most sensitive to the hydrological regime. The Agriculture Intensive (AI) class showed a decreased NDVI value from June until August, a period that is considered quite dry. Taller vegetation types (e.g., Closed Evergreen Tropical Forest (CETF)) maintained NDVI values above 0.8 from May to September. These higher NDVI values during the dry season could be related with the ability of vegetation to capture depth water. The NDVI time series training profiles show a considerable similarity among a number of classes ( Figure 5) , which naturally influences the classification results. Figure 6 presents the classified images for the reference year (2000) using the ED and DTW classifiers. The majority of Rondonia was classified in both images as CETF. Large differences between ED and DTW were obtained in the eastern region of Rondonia: the AI and Grass Savannah (GS) classes were dominant using the ED classifier, but when using the DTW, only the AI could be well distinguished. Some of the pixels that were classified as GS using the ED classifier were classified as Closed Shrublands (CS) using the DTW. This is because these two classes were composed predominantly of grasses and shrubs. The GS class is very dependent on water availability and is characterized by open canopy with herbaceous soil vegetation, whereas the CS class is characterized by shrubs, herbs, and grasses as dominant vegetation, and this vegetation can remain stable over time or can be affected by factors such as fire or browsing. In both cases, the GS and CS classes presented a similar profile in the main growing season ( Figure 5 ), and they can present a double growth due to the herbaceous soil vegetation growth, animal grazing, human interference, or other adverse conditions such as fire.
In the western region of Rondonia another difference can be easily observed between the ED and DTW images: some of the pixels that were classified as CETF using the ED classifier were classified as Montane Forest Á Dense Evergreen (MFDE) using the DTW. This can be explained because CETF and MFDE are two classes of large evergreen forest vegetation, presenting high NDVI values and a stable behavior in the main growth season.
Using the profiles from the year under evaluation
The classified images for 1999, 2000, and 2011 using the ED and DTW classifiers are presented in Figure 7 ; 1999 presented better results with the reference year (2000) than 2011. The percentage of pixels that suffered changes between 1999 and 2000 (49% for ED and 57% for DTW) was lower compared with changes that occurred between 2000 and 2011 (66% for ED and 72% for DTW). This can be explained because larger temporal distance will, in general, correspond to higher land cover variability, resulting in higher differences in the classification results. Table 4 presents the fraction of pixels with different classification results in consecutive years. For both classifiers, the most similar years were found to be 1999 and 2000. However, the maximum change between consecutive years occurred in different dates for ED (2001Á2002) and DTW (2006Á2007). The average fraction of pixels that changed between consecutive years was about 70% for both classifiers considering 15 LCC. Table 4 presents the fraction of pixels that have different classification results between consecutive years, using the reference signatures from 2000. Compared with the results obtained in the previous approach, the use of the 2000 profiles provided a higher correlation between images of two consecutive years and indicated a reduction on the average fraction of pixels with changes (16% for ED and 12% for DTW).
Effect of the NDVI time series similarity on the classification results
The two previous approaches indicated a considerable variability in LCC over the range of years tested. However, it is worth noting the large number of classes considered and the similarity between some of NDVI time series profiles used to train the LCC ( Figure 5) . To test the effect of the NDVI time series similarity on the classification results, the 15 LCC were reduced by joining the most similar classes. A hierarchical aggregation, based on the LCC similarity, was done using the ED and DTW measures (Figure 9) . Through the dendogram analysis presented in Figure 9 , it was possible to clearly identify four groups (A, B, C, and D). Group A contains four classes (2 (Mosaic Agriculture Á Degraded Forest (MADF)), 3 (SemiDeciduous Transition Forest (SDTF)), 4 (Shrub Savannah (SS)) and 8 (Closed Deciduous Forest (CDF)), the group B contains four classes 1999Á2000  49  57  46  50  2000Á2001  71  75  70  66  2001Á2002  78  73  64  69  2002Á2003  75  74  53  63  2003Á2004  73  71  45  63  2004Á2005  74  69  38  54  2005Á2006  73  75  57  56  2006Á2007  74  77  63  62  2007Á2008  66  68  67  64  2008Á2009  71  72  62  56  2009Á2010  74  68  46  47  2010Á2011  60  62  39  45 (5 (AI), 10 (CS), 12 (Fresh Water Flooded Forest (FWFF)) and 13 (GS)), and the group C also four classes (1 (CETF), 6 (Permanent Swamp Forest (PSF)), 7 (MFDE) and 11 (Periodically Flooded Savannah (PFS))). Group D contains the three classes with lower NDVI (9 (Urban (U)), 14 (Ore Exploration (OE)) and 15 (Water Bodies (WB))).
Each of the classified images was reclassified using the approaches presented in the two previous sections, replacing each pixel class by the number of the enclosing group (from 1 to 4, corresponding to AÁD). A pixel-by-pixel analysis was made to evaluate the land cover variability over the 13-year period (1999Á2011). Each pixel was classified as Table 2 for definitions of acronyms.) Canadian Journal of Remote Sensing Downloaded from pubs.casi.ca by 99.224.77.18 on 11/27/13 permanent, stable, change, stable in the first years, stable in the last years, and unspecified using the criteria presented in Table 3 and Figure 3 . Table 5 presents a comparison between the ED classification results for four distinct pixels (P1, P2, P3, P4), using the 15 initial LCC and the four groups of classes. Using 15 classes, P1 and P2 presented a total of five distinct LCC over the 13 years, and P4 presented the lower land cover variability with a total of three LCC. Although a pixel can present higher land cover variability over the years, this does not imply a greater deviation between the land cover profiles. For example, P1 and P3 had an initial number of five and four distinct LCC, respectively, but using the aggregation groups the final number of classes obtained for both pixels were identical. This difference in LCC variability over the years influences the characterization of each pixel. This was the case for P1 and P2 which were classified as unspecified pixels using 15 LCC, but when using four classes they were classified as stable in the first years (P1) and permanent (P2) pixels. Figure 10 presents the classified images for the year 2000, using the four groups of classes. The land cover maps, obtained using ED and DTW classifiers, presented slight differences, instead of what happens when using 15 classes ( Figure 6 ). Superimposing the ED and DTW land cover maps, the percentages of agreement obtained were 74.3% and 92.5% using 15 and four classes, respectively. In Figure 10 it is possible to clearly identify the pixels with lower NDVI values (blue), such as water spots. The largest area of Rondonia was classified as group C (CETF, PSF, MFDE, PFS) using four classes, and as CETF using 15 LCC ( Figure 6 ). These results demonstrate the consistency of the land cover maps before and after the aggregation of classes. Table 6 presents the fraction of pixels classified in each attribute (defined in Table 3 and Figure 3 ), using the approaches previously evaluated. The number of pixels classified as permanent over the 13-year period increased considerably with the aggregation of the 15 classes. Furthermore, the number of pixels unspecified was greatly reduced. The results presented in Table 6 reinforce the idea that using the profiles from 2000 to classify all the years reduces the differences on the training profiles and, consequently, more similarity between the classification images over the years is achieved. Reducing the number of initial classes, aggregating the most similar, reduces the variability in the LCC over the years, providing more similar classification results between years and classifiers. Evaluation of the classification results using the PRODES data
To evaluate the classification results obtained with the proposed methodology the PRODES data were used as a reference. Figure 11 (left) presents the classified maps for Rondonia obtained for 2000 and 2011 using the PRODES data. In both maps, the main region of Rondonia was classified as forest and it is easy to identify the water-covered area, in particular the area in the upper right corner of the images. The deforestation has increased considerably between 2000 and 2011, occupying the biggest area of the central region of Rondonia.
To compare the ED and DTW land cover changes between 2000 and 2011 with the reference (PRODES) data, a reclassification was made aggregating the 15 initial LCC in three main classes: forest (enclosing the classes characterizing any type of forest vegetation (CETF, CDF, SDTF, PSF, MADF, MFDE, FWFF)), nonforest (AI, CS, GS, PFS, SS, U) and hydrography (WB, OE). The results of this reclassification, available in Figure 11 , show coherent results between ED, DTW, and PRODES land cover maps. In both cases, the majority of Rondonia was classified as forest and the water spot in the upper right corner can be easily identified. For the new ED and DTW land cover maps, the percentage of pixels classified at each class was determined and compared with the PRODES data results ( Table 7) . The nonforest and deforestation classes of PRODES (reference) land cover maps were aggregated in a single class (nonforest). The results obtained based on the ED and DTW methodologies were consistent with those obtained from the reference data. The forest class occupies the majority of Rondonia, always higher than 53% areal coverage. The reference data presented a 9.95% decrease in the forest area, due to the increase of deforestation in the Rondonia region between the years 2000 and 2011 ( Figure 11 , left). The same conclusion was verified using the ED and DTW classifications, where a decrease (increase) of around 10% was verified in the forest (nonforest) class ( Figure 11 ). The variability between hydrography can be due to the fact that the urban class (considered as nonforest) was sometimes classified as hydrography due to the low NDVI values and similar profile with WB and OE classes.
Conclusions
A new approach was proposed for land cover classification and land cover map updating based exclusively on temporal series data acquired by EOS. The approach was illustrated with a practical test using SPOT VGT data from 1999 to 2011 in the Brazilian Amazon. The GLC2000 was used as a reference to select 15 distinct LCC in the SPOT VGT images of Rondonia.
Maps of land cover changes for 1999Á2011 were obtained using two classifiers: one that represents a time-rigid measure (ED) and another that represents a time-flexible measure (DTW). The similarity between some NDVI profiles had influenced the classification results, leading to some differences between the ED and DTW land cover maps, particularly in the eastern and western regions of Rondonia.
The noise due to the cloud contamination (especially from November to February) and the characteristics of the study area makes it difficult to classify 15 LCC in the Amazon region. Thus, the 15 initial LCC were gradually aggregated, joining the most similar, until only four final broad classes remained. The land cover variability over time was evaluated by making a pixel-by-pixel analysis. Each pixel was classified as permanent, stable, change, stable in the first years, stable in the last years, and unspecified using a criteria based on the number of identical classes from 1999 to 2011. The maps of land cover changes obtained using 15 and four LCC presented coherent results. As expected, the reduction of the number of classes allowed higher similarity over the years.
The PRODES data were used to evaluate the results of the ED and DTW classifications for the years 2000 and 2011. The ED and DTW land cover maps showed consistent results comparing with PRODES data, which proves that this approach is capable to produce accurate land cover maps for Rondonia, using exclusively temporal series data. 
